The G3/99 test set ͓L. A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem. Phys. 112, 7374 ͑2000͔͒ of thermochemical data for validation of quantum chemical methods is expanded to include 78 additional energies including 14 enthalpies of formation of the first-and second-row nonhydrogen molecules, 58 energies of molecules containing the third-row elements K, Ca, and Ga-Kr, and 6 hydrogen-bonded complexes. The criterion used for selecting the additional systems is the same as before, i.e., experimental uncertainties less than ±1 kcal/ mol. This new set, referred to as the G3/05 test set, has a total of 454 energies. The G3 and G3X theories are found to have mean absolute deviations of 1.13 and 1.01 kcal/ mol, respectively, when applied to the G3/05 test set. Both methods have larger errors for the nonhydrogen subset of 79 species for which they have mean absolute deviations of 2.10 and 1.64 kcal/ mol, respectively. On all of the other types of energies the G3 and G3X methods are very reliable. The G3/05 test set is also used to assess density-functional methods including a series of new functionals. The most accurate functional for the G3/05 test set is B98 with a mean absolute deviation of 3.33 kcal/ mol, compared to 4.14 kcal/ mol for B3LYP. The latter functional has especially large errors for larger molecules with a mean absolute deviation of 9 kcal/ mol for molecules having 28 or more valence electrons. For smaller molecules B3LYP does as well or better than B98 and the other functionals. It is found that many of the density-functional methods have significant errors for the larger molecules in the test set.
I. INTRODUCTION
There is much interest in the development of reliable quantum chemical methods for the prediction of thermochemical data. [1] [2] [3] Accurate test sets of experimental data are important for the critical evaluation of these new methods as well as for the development of new methods. The Gn test sets have been widely used for these purposes. [4] [5] [6] [7] The first in this series, the "G2 test set" 4 contained 125 energies ͑55 atomization energies, 38 ionization potentials, 25 electron affinities, and 7 proton affinities͒ and was limited to 1 or 2 nonhydrogen atoms, with the exception of SO 2 and CO 2 . In the second in this series, G2/97, 5, 6 the G2 test set was expanded from 125 to 301 energies ͑147 atomization energies, 88 ionization potentials, 58 electron affinities, and 8 proton affinities͒. The aim of the test set was to include larger molecules such as benzene, butane, and SiF 4 . In the latest in the series, G3/99, 7 the number of energies was expanded from 301 to 376 with 75 additional enthalpies of formation. The G3/99 test set included larger test species such as octane, naphthalene, and SF 6 . These test sets of accurate experimental data have been used in the development of the Gaussiann theories. 4, [8] [9] [10] [11] [12] They have also been used in the development of a number of density-functional methods. The criterion used in compiling the Gn test sets includes ͑1͒ use of a wide variety of species, ͑2͒ each entry should have an experimental accuracy of ±1 kcal/ mol, and ͑3͒ none of the values should be biased by theoretical input.
A number of other test sets have also been proposed and have been used in testing of quantum chemical methods. Boese and Handy 13 have developed the HCTH407 test set, which contains 407 test energies as well as some subsets of a smaller number of energies. The criterion used in selecting these is not as strict in some cases. This test set and modifications of it have been used by Boese et al. to assess a variety of density-functional methods.
14 Cioslowski et al. 15 have developed a set of 600 molecules, but again the uncertainties of some of the entries are much greater than 1 kcal/ mol. Lynch et al. 16 have compiled test sets of different quantities including 109 atomization energies, 42 barriers, 13 ionization energies, and 13 electron affinities. Most of the species are the same as in the G2/97 test set. The test set of Lynch et al. is based on electronic energies obtained by removing temperature corrections and zero-point energies from experimental enthalpies in many cases. The use of electronic energies facilitates comparison with theory, but introduces theoretical input, and possibly additional error.
In this paper we present a test set referred to as G3/05 that is an expansion of the G3/99 test set. 7 Seventy-eight energies are added including ͑1͒ 14 enthalpies of formation of the first-and second-row nonhydrogen molecules, ͑2͒ 58 energies of molecules containing the third-row nontransition elements K, Ca, and Ga-Kr, and ͑3͒ 6 hydrogen-bonded complexes. The addition of the 14 nonhydrogen molecules was done because of an apparent weakness in G3 methods for these species that we found in previous assessments on the G3/99 test set. The G3 mean absolute deviation ͑MAD͒ for the 47 nonhydrogens was 2.11 kcal/ mol, significantly larger than for other subsets of molecules. 7 The implementation of the G3X methodology, 9 which included a larger basis set at the Hartree-Fock ͑HF͒ level and better geometries, reduced the mean absolute deviation for this set to 1.49 kcal/ mol. There were still some molecules with larger deviations, as large as 4.3 kcal/ mol, indicating that the G3X method did not completely correct the problem. Thus, there is a clear need for further assessments on these nonhydrogen systems. The 58 third-row nontransition and 6 hydrogenbonded complexes are added to expand the variety of energy types in the test set. The details of the G3/05 test set are given in Sec. II. The results of the assessment of the G3 and G3X methods on this expanded test set are given in Sec. III.
In this paper we also report the assessment of a number of density functionals on the G3/05 test set. Previously, we reported the assessment of seven density functionals ͑SVWN, BLYP, BP86, BPW91, B3LYP, B3P86, and B3PW91͒. 5, 6 The B3LYP functional was subsequently tested on the G3/99 test set. 7 In another paper we examined the use of B3LYP geometries and zero-point energies. 17 This did not change the results significantly. Since then there have been numerous new density functionals that have been proposed by different groups. In this paper we examine 23 functionals with the G2/97 test set and 11 of these are further assessed on the G3/05 test set. The results of these assessments are given in Sec. IV. In this section we also investigate the dependence of the accuracy of density-functional methods on the size of the molecules in the test set. In two previous studies 7, 18 we have found that B3LYP tends to have larger errors as the molecules increase in size. Therefore, it is of interest to carry out a systematic investigation of the size dependence of other functionals.
II. THE G3/05 TEST SET
The G3/05 test set is composed of the G3/99 test set and 78 new energies as described in the Introduction. The 14 new enthalpies of the formation for the first-and second-row nonhydrogen molecules are taken largely from the JANAF-NIST thermochemical compilation. 19 The 58 energies of molecules containing the third-row nontransition elements K, Ca, and Ga-Kr include 47 energies from our previous paper 20 that extended G3 theory to the third-row nonhydrogen molecules. This includes 22 atomization energies, 17 ionization potentials, 4 electron affinities, and 2 proton affinities. The other 11 third-row energies contain bromine and are enthalpies taken largely from the thermochemical tables of Pedley et al. 21 The six hydrogen-bonded complexes were chosen to cover a range of experimental hydrogen bond energies from 1 to 15 kcal/ mol. These are the water dimer, methanol dimer, acetone dimer, acetic acid dimer, hydrogen fluoride dimer, and hydrogen chloride dimer. Again the quoted uncertainties in all of these energies are less than 1 kcal/ mol.
The total number of entries in the G3/05 test set is 454 energies. The energies are divided into subgroups as before ͑neutral enthalpies of formation, ionization energies, electron affinities, and proton affinities͒ along with a new subset containing hydrogen-bonded complexes. In some cases atomization energies of D 0 values are used ͑third-row and hydrogenbonded complexes͒ as conversion of these values to enthalpies of formation is not possible without introducing theoretical input into the "experimental" energy. The enthalpies of the neutrals are further divided into types of molecules ͑hydrocarbons, substituted hydrocarbons, nonhydrogens, inorganic hydrides, and radicals͒.
III. ASSESSMENT OF GAUSSIAN-3 THEORIES

A. Theoretical methods
Gaussian-3 ͑G3͒ and Gaussian-3X ͑G3X͒ theories have been previously described. The G3 theory is a composite electronic structure method that is based on a sequence of ab initio molecular-orbital calculations. It approximates a QCISD͑T͒/G3Large level of calculation at the MP2/6-31G* geometry and uses scaled HF/ 6-31G * zero-point energies. Details of the G3 theory are given elsewhere. 8 The G3X theory is an extension of the G3 theory that uses B3LYP/ 6-31G͑2df , p͒ geometries and zero-point energies ͑scaled by 0.9854͒. 9 It also includes a HF calculation at a larger basis set than G3Large that includes g functions for second-row elements. The G3 theory has been developed for the first-, second-, and third-row nontransition-metal elements. It has been previously tested on 47 of the 58 third-row molecules in the G3/05 test set. 20 The G3X theory has been developed and tested thus far only on the first-and second-row systems.
The extension of the G3X theory for the third-row nontransition-metal elements is done in a similar manner as for the second-row elements with the same higher level correction. 9 We use geometries at the B3LYP/ 6-31G͑2df͒ level and zero-point energies at that level scaled by 0.9854. 22 The G3XLarge basis set used in the final Hartree-Fock level calculation has g functions added to the G3Large basis set. The g function exponents are taken from Dunning's ccpVQZ basis sets for Ga-Kr ͑Ga: 0.403, Ge: 0.468, As: 0.546, Se: 0.573, Br: 0.649, and Kr: 0.739͒. 23 The enthalpies of formation in this paper were calculated in the same manner as in Ref. 5 . The temperature correction to 298 K for molecules was obtained using the rigid-rotor/ harmonic-oscillator approximation. The vibrational part of the correction was obtained using scaled HF/ 6-31G * frequencies for the G3 theory and scaled B3LYP/ 6 -31G͑2df , p͒ frequencies for the G3X theory.
B. Results and discussion
The G3 and G3X results for the new entries in the G3/05 test set are given in Tables I-III. Table I contains the results for the 14 new nonhydrogens based on the first-and secondrow elements. Table II contains the results for the 58 species containing the third-row elements, and Table III contains the results for the six hydrogen-bonded complexes. A summary of the mean absolute deviations for the G3 and G3X theories is given in Table IV .
Overall the mean absolute deviations of G3 and G3X for the G3/05 test set are 1.13 and 1.01 kcal/ mol, respectively. This is slightly larger than for the G3/99 test set where the deviations were 1.07 and 0.95 kcal/ mol, respectively. 7 The reason for the increase is largely due to the 32 additional nonhydrogen species ͑14 containing only the first-and second-row elements and 18 containing the third-row elements also͒ that are included in the G3/05 test set. These 32 new molecules have mean absolute deviations of 2.08 and 1.87 kcal/ mol, respectively, at the G3 and G3X levels. Contributing to this large mean average absolute deviation are some of the 14 first-and second-row nonhydrogen species in Table I such as Al 2 Cl 6 ͑deviation from the experiment of 9.9 for the G3 theory and 7.8 for the G3X theory͒, ClFO 3 ͑−9.2 kcal/ mol at G3 and −5.0 at G3X͒, and C 6 F 6 ͑4.1 at G3 and 3.1 at G3X͒. G3X has a mean absolute deviation of 2.49 kcal/ mol for this set of 14 species compared to 3.04 for the G3 theory. Thus, while the G3X method is an improvement over G3 for nonhydrogen species, it is still well above the target accuracy goal of 1 kcal/ mol. This may be due to remaining basis deficiencies in the G3X theory.
Overall, the mean absolute deviations of G3 and G3X on the 58 third-row species in G3/05 are 1.14 and 1.11 kcal/ mol, respectively. Thus, the two methods perform similarly on the third-row species.
The mean absolute deviation of the G3 and G3X theories for hydrogen-bonded complexes are 0.60 and 1.06 kcal/ mol, respectively. The larger deviation for G3X is due to the use of B3LYP/ 6-31G͑2df , p͒ for geometry optimization, which fails for the water and hydrogen fluoride dimers where it gives incorrect cyclic structures ͑double hydrogen bonding͒. Also, the MP2 / 6-31G * geometry in the G3 theory is the reason for the large error in the G3 binding energy for the hydrogen fluoride dimer. The inclusion of diffuse functions in the basis sets corrects the problems in the densityfunctional geometries of the water dimer and the hydrogen fluoride dimer. The G3 and G3X binding-energy results based on B3LYP/ 6-31+ G͑2df , p͒ optimized geometries are given in parentheses in Table III . The use of this geometry gives very good agreement with the experiment for the G3X theory and improves the mean absolute deviation to 0.49 kcal/ mol. It also improves agreement of the G3 theory with the experiment for the HF dimer ͑see Table III͒ . Thus, the G3 methods do well on the hydrogen bonding energies, if an accurate enough method for geometry optimization is used.
We note that, while we have used great care in selecting accurate ͑±1 kcal/ mol͒ experimental energies, it is possible that some experimental values may be in error by more than this amount. Since the number of cases is likely to be small, we expect that this will have little effect on the conclusions of the assessments in this paper. Recently, Ruscic et al. 24 have developed a methodology for critical analysis of thermochemical data using a network approach. They plan to carry out a comprehensive reevaluation of thermochemical data in the major compilations using this approach. In the future, we plan to update our experimental test set based on the improved thermochemical data from this work.
IV. ASSESSMENT OF DENSITY-FUNCTIONAL THEORIES
A. Theoretical methods
There have been numerous new density-functional methods that have been proposed since our papers on the G2/97 test set appeared. 5, 6 In that study we examined seven functionals. In this investigation we have included 16 additional functionals for a total of 23. The functionals fall into three different general categories. The first category contains nonempirical functionals that are constructed to satisfy several exact constraints on the spin density. In addition to the local spin-density approximation ͑LSDA͒, this includes nonempirical generalized gradient approximation ͑GGA͒ functionals that depend on the local density and its gradient as well as meta-GGA functionals that also depend on the kineticenergy density for the occupied Kohn-Sham orbitals. The three functionals that we have investigated in this category are PW91, PBE, and TPSS. PW91 is the Perdew and Wang's 1991 GGA functional. 25 PBE is Perdew, Burke, and Ernzerhof's 1996 GGA exchange and correlation functional. 26 TPSS is the nonempirical meta-GGA functional developed by Staroerov et al. 27 The second category includes functionals based on semiempirical GGA or meta-GGA. These functionals include one or more parameters that are obtained by fitting to the experimental data on atoms and, in many cases, on molecules/solids. The five functionals we considered in this category are BLYP, 28, 29 32 The third category includes hybrid semiempirical functionals. These have additional parametrization based on including exact ͑HF͒ exchange into the functional. In this category we have considered the three functionals from our previous study ͑B3LYP, B3P86, and B3PW91, all using Becke's three-parameter hybrid exchange functional͒ 33, 34 and 11 additional functionals. These include ͑1͒ Becke's B98 functional 35 that is a ten-parameter fit to the G2/97 test set, closely related to his previous B97 functional, 36 39 based on OLYP, ͑5͒ X3LYP, a three-parameter hybrid of Xu and Goddard 40 designed especially for van der Waals interactions, ͑6͒ PBE1PBE ͑also referred to as PBE0͒, a oneparameter hybrid based on the PBE functional, 41 ͑7͒ TPSSh, a one-parameter hybrid of the TPSS functional, 27 ͑8͒ B1B95, a one-parameter hybrid functional using Becke's B88 exchange and his 1995 kinetic-energy-dependent correlation functional, 42 ͑9͒ mPW1PW91, a one-parameter hybrid func- 45 a two-parameter hybrid optimized for the energy of a hydrogen atom and the electron affinity of an oxygen atom. We also have investigated a modified KMLYP version 45 that includes G3-like higher-level correction parameters based on number of unpaired and lone pair/pi electrons in the atoms or molecules, optimized for atomization energies. Among these, PBE1PBE can also be classified as a nonempirical functional since the fraction of exact exchange ͑0.25͒ can be justified based on fundamental considerations. For completeness, we have included the nonempirical LSDA functional, SVWN.
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B. Results and discussion
Comparison to experiment
We have used the G2/97 test set of 301 energies for an initial assessment on the 23 density functionals described above and we then chose eleven of the functionals for further assessment on the full G3/05 test set. The mean absolute deviations for all of the test sets are given in Table V . The detailed results for seven representative functionals for the new energies in the G3/05 test set are given in Tables I-III and a breakdown of the performance of these functionals on the whole set is given in Table IV. For consistency, we have used the same basis set ͓6-311+ G͑3df ,2p͔͒, geometries ͑MP2 / 6-31G * ͒, zero-point energies ͑scaled HF/ 6-31G * ͒, and thermal corrections ͑scaled HF/ 6-31G * ͒ that we used in previous assessments and have not included any spin-orbit corrections or relativistic effects, except where noted. We have previously investigated the dependence on the geometry and zero-point energy for the B3LYP functional. 7, 17 We found that the choice of the geometry ͑MP2 versus B3LYP͒ had little effect on the mean absolute deviation for the G2/97 test set. We found that there was a more significant dependence on choice of zero-point energy ͑0.4 kcal/ mol increase in the mean absolute deviation͒ if B3LYP/ 6-31G * with a scale factor of 0.98 is used instead of HF/ 6-31G * with a scale factor of 0.89. Although the use of B3LYP/ 6-31G * with the 0.98 scale factor is more appropriate for zero-point energies, 47 the slight increase in the B3LYP mean absolute deviation is probably because the B3LYP parametrization was implicitly consistent with the scaled HF zero-point energies. 12 Because of the dependence on choice of zero-point energy found in Ref. 17 , we have examined the effect of the use of the B3LYP zero-point energies on the results of the some of the density-functional methods. We also examined the effect of inclusion of atomic spin-orbit effects. The mean absolute deviations including the B3LYP zero-point energies and spin-orbit effects are given in parentheses in Table V. For the hybrid methods, with the exception of MPW1B95, all of the mean absolute deviations increase when spin-orbit and the B3LYP zero-point energies are included. The largest increases are found for B3LYP and X3LYP, which is probably due to the fact that they were implicitly optimized for the HF zero-point energies. The largest increase ͑ϳ0.8 kcal/ mol͒ for these two hybrids occur for the larger G3/99 and G3/05 test sets. In contrast, the MPW1B95 functional shows significant improvement ͑0.89 kcal/ mol͒ when the spin-orbit and scaled B3LYP zero-point energies are included because Zhao and Truhlar 44 optimized it on D e values, i.e., with zero-point energies subtracted and with spinorbit corrections included. The TPSS functional does not involve empirical parameters and also has improved agreement with the experiment ͑by about 1 kcal/ mol͒ with the use of the scaled B3LYP zero-point energies and spin-orbit effects. In the following discussions, we refer to mean absolute deviations calculated using the scaled HF zero-point energies, except for MPW1B95 and TPSS.
The results for the 23 functionals tested on the G2/97 test set ͑Table V͒ indicate that the B98 functional has the smallest mean absolute deviation ͑2.90 kcal/ mol͒. This is the only functional that has a significantly smaller mean ab- ͑3.26 kcal/ mol͒. The X3LYP functional is very close in accuracy to B3LYP because it is a combination of B3LYP and B3PW91. The KMLYP functional, which has been shown to be very good for energy barriers, does very poorly with a mean absolute deviation of 20.55 kcal/ mol. The poor performance is probably due to the method used for obtaining the exchange and correlation mixing parameters, i.e., from the H-atom energy and the O-atom electron affinity. We also examined the effect of including higher-level correction parameters as in the modified version of KMLYP. 45 We optimized them for the G2/97 set of enthalpies and found that this greatly improves the accuracy ͑3.66 kcal/ mol͒, although it is still not as good as B3LYP. The most accurate nonempirical functional is TPSS with a mean absolute deviation of 4.86 kcal/ mol, compared to 10.44 and 10.87 for the other two functionals PBE and PW91, respectively.
Eleven of the functionals were further assessed on the full G3/05 test set and the results are given in Table V . The B98 functional has the smallest mean absolute deviation of the 11 functionals ͑3.33 kcal/ mol͒. The B3LYP functional does poorly for larger molecules and, thus, its mean absolute deviation increases to 4.14 kcal/ mol. The other hybrid functionals that we investigated have similar or smaller mean absolute deviations than B3LYP on the full test set with values ranging from 3.66 kcal/ mol ͑B1B95͒ to 4.14 kcal/ mol ͑B97-2͒. The nonempirical functional TPSS has a mean absolute deviation of 4.71 kcal/ mol while the VSXC functional has a deviation of 3.75 kcal/ mol. As in the case of the Gn methods the density-functional methods have larger errors for the nonhydrogen species although the increase is not nearly as dramatic ͑see Table IV͒. It is notable that the density-functional methods perform well for the third-row systems with mean absolute deviations of 2.5-3.5 kcal/ mol on this subset, even though most were parametrized on the first-and second-row molecules.
Finally, the density-functional theory ͑DFT͒ methods perform about as well as the G3 methods for hydrogenbonded complexes. The inclusion of diffuse functions in the basis sets corrects the problems in the density-functional geometries of the water dimer and the hydrogen fluoride dimer. The binding-energy results based on B3LYP/ 6-31 +G͑2df , p͒ optimized geometries are given in parentheses in Table III . The use of this geometry gives very good agreement with the experiment for these two dimers for all of the density-functional methods, except for O3LYP and OLYP, and improves the mean absolute deviation to Ͻ1 kcal/ mol. The O3LYP and OLYP functionals have substantial errors for hydrogen-bonded complexes.
Size dependence
Errors in quantum-mechanical methods should, in general, grow with the size of the system. Since the enthalpies of formation are computed from the calculated atomization energies, a roughly linear dependence on the size of the system can be expected, particularly in a sequence of molecules containing similar kinds of bonds ͑e.g., alkane chains͒. In this analysis, we consider the number of valence electrons in the system as a rough measure of the size of the molecule. The dependence of the G3 and DFT methods on the number of electrons in the molecule is shown in Table VI where mean absolute deviations are given for enthalpies of formation in the G3/05 test set for three sets of molecules: those containing Ͻ8 pairs of valence electrons, Ͼ8 ഛ 14 pairs valence electrons, and Ͼ14 pairs of valence electrons. The separation into the different groups is somewhat arbitrary, but nevertheless it shows interesting trends. Some density-functional methods show significantly increasing errors with molecule size. The B3LYP functional shows a particularly strong dependence on the number of electrons as its error increases dramatically from 2.25 to 3.40 to 9.01 kcal/ mol for the three subsets. The error as a function of number of electrons is plotted in Fig. 1 and indicates an approximate linear dependence with number of valence electrons. With the exception of O3LYP the other functionals also show an increase in error with number of electrons, although not as large as B3LYP. The O3LYP functional is an exception in that it shows little dependence on size. The reason for this is not clear. Both G3X and G3 theories do not depend as much on the number of electrons as the DFT methods with G3X having the smallest dependence. The mean absolute deviation of G3X stays about level at 1.00, 0.83, and 1.22 for the three subsets whereas G3 shows a larger increase for the last subset to 1.64 kcal/ mol. In the case of the G3 methods the errors tend to be more systematic than in the DFT methods so that the higher-level correction ͑HLC͒ used in the G3 methods is able to correct for the size dependence. We have applied the HLC to the DFT methods and, while, this provides for some improvement it does not do nearly as well as for the G3 methods, apparently because the errors are not systematic for the DFT methods.
The dependence on molecular size was further investigated for seven representative DFT methods on a set of larger molecules with accurate experimental energies ͑quoted uncertainty of less than 1 kcal/ mol͒. The molecules in this set have 56 or more valence electrons and thus are larger than the molecules in the G3/05 test set and most are not feasible for the G3 methods. The 15 molecules in the set include 2 linear alkanes ͑dodecane and hexadecane͒, 2 fluorinated hydrocarbons ͑C 6 F 6 and C 6 F 5 Cl͒, 3 twodimensional aromatics ͑fluoranthane, anthracene, and pyrene͒, 2 three-dimensional sp 3 hydrocarbons ͑adamantane and diadamantane͒, and 5 linked aromatic rings. The deviations from the experiment for seven representative functionals are given in Table VII for these 15 large molecules along with mean absolute deviations. The results are consistent with the trends found on the G3/05 test set in that they indicate significantly poorer performance on molecules with large numbers of electrons. The B3LYP method has one of the largest mean absolute deviation ͑21.2 kcal/ mol͒, which is more than double its error ͑9.01 kcal/ mol͒ for the third subset of molecules ͑Ͼ28 valence electrons͒ in the G3/05 test set. The B3LYP error is especially large for large sp 3 hydrocarbons and contributes to its poor performance in our larger test sets. Of special note is the error in the threedimensional cyclic sp 3 hydrocarbons diadamantane and adamantane, which have errors of −51.0 and −32.9 kcal/ mol, respectively. This is significantly greater than the error in the linear alkanes of similar size, dodecane ͑−20.9 kcal/ mol͒ and hexadecane ͑−30.2 kcal/ mol͒. The difference in performance for the linear and cyclic alkanes is due to the higher proportion of C-C bonds ͑relative to C-H bonds͒ in the latter, and the relatively poor description of the C-C bonds in B3LYP. Similar differences can be seen for some of the other methods such as TPSS and O3LYP. The B3LYP functional also does poorly for larger aromatics such as pyrene ͑−24.8 kcal/ mol͒ and fluoranthene ͑−23.6͒. Three of the 
Basis set dependence
We have investigated the basis set dependence of 6 selected functionals in this work of the 147 enthalpies of formation in the G2/97 test set. We have not investigated ionization potentials and electron affinities since in previous work 6 we found little dependence on basis sets for these quantities. The results are given in Table VIII for the B3LYP,  B98 , O3LYP, MPW1B95, BLYP, and TPSS functionals, which represent a range of functional types. The results show a quite surprising dependence on the polarization functions used in the basis sets. In some cases expanding the polarization set significantly improves agreement with the experiment ͑B3LYP and B98͒ and in some cases it makes agreement significantly worse ͑MPW1B95, O3LYP, and TPSS͒. This can be seen in the series of calculations done with the 6-311G basis set with different sets of polarization functions. For example, increasing the polarization set from 2df , p to 3d2f ,2pd decreases the mean absolute deviation by ϳ1 kcal/ mol for B3LYP, while it increases it by about the same amount for MPW1B95. The latter increase occurs because the MPW1B95 functional was optimized for a modified G3MP2Large basis set that has a 2df polarization set on the first-row elements. The large effect of the polarization functions on the mean absolute deviations is also noted in the correlation-consistent basis sets 48 where the aug-cc-pVTZ has an error of 4.07 for B3LYP compared to 3.31 for 6 -311+ G͑3df ,2p͒. This is apparently due to use of a 2df set on the pVTZ basis set. The quadruple zeta basis set, aug-ccpVQZ with a 3d2fg polarization set, has a mean absolute deviation ͑3.26 kcal/ mol͒ comparable to triple zeta 6-311+ G͑3df ,2p͒ for B3LYP. The results in Table VIII also indicate that the use of core-polarization functions in the G3Large basis set has only a small effect on the deviations when compared to G3MP2Large, which does not have corepolarization functions. Also the addition of diffuse functions leads to an increase in error relative to 6-31G * basis set results for B3LYP ͑from 5.31 to 8.66 kcal/ mol͒ and B98 ͑from 5.26 to 7.93 kcal/ mol͒, although for other functionals it leads to improved agreement with the experiment.
The effect of increasing the polarization set can be explained in terms of the distribution of errors. From looking at the distribution of errors, it is evident that most of the DFT methods are skewed either in the direction of negative or positive deviations. This is illustrated for several of the functionals in Fig. 2 including B3LYP , B98, O3LYP, MPW1B95, B1B95, and TPSS. For example, B3LYP tends to underbind ͑more negative deviations from the experiment than positive͒ and thus increasing the basis set will improve agreement with the experiment. Alternatively TPSS, O3LYP, and MPW1B95 tend to overbind ͑more positive deviations from the experiment than negative͒ and thus decreasing the polarization set makes for better agreement with the experiment. The B98 functional has only slightly more negative deviations than positive and is the most equally distributed of the functionals that we investigated. It is noted that the distribution does not shift uniformly as the effect of polarization functions is dependent on the type of molecule. For comparison with the density-functional results, the distribution of errors of the G3 and G3X theories is given in Fig. 3 . The figure shows that the deviations from experiment for the ab initio based methods are quite equally distributed.
There have been a number of studies on the dependence of density-functional methods on basis sets. Based on a study of the HCTH functional, Boese et al.
14 concluded that the triple zeta basis set level ͓e.g., the 6-311G͑3df ,2pd͒ and TZ2P basis sets͔ is likely to be sufficient for the use in density-functional calculations. Wang and Wilson 49 examined the performance of the correlation-consistent basis sets for a small set of test molecules and found that while increasing the basis set improved performance for the hybrid functionals tested ͑B3LYP, B3PW91, and B3P86͒, the performance actually became worse for the nonhybrids tested ͑BLYP, BP86, and BPW91͒. Our results for the TPSS functional are consistent with this finding, but show that hybrids do not all show the same dependence. Jensen 50 has developed polarization-consistent ͑pc͒ basis sets for the first row for use in extrapolating density-functional calculations. Wang and Wilson 51 concluded that these basis sets give only a small improvement over correlation-consistent basis sets for six different functionals that they examined.
A number of general observations can be made from our basis set study of density functionals. First, the distribution of errors of the density functionals can lead to some surprisingly large basis set dependences. Second, improvement in the basis sets does not always lead to improvement in results as is the case with most ab initio methods. This is true not only for the heavily parametrized methods, but also for those with few parameters. Finally, the use of a smaller basis set size can improve agreement with the experiment if the reduction of binding improves the distribution of errors.
V. CONCLUSIONS
In this paper we presented an expansion of the G3/99 test set of thermochemical data to include 78 additional energies. This new set, referred to as the G3/05 test set, has 454 total energies including 14 new enthalpies of formation of the first-and second-row nonhydrogen molecules, 58 energies of molecules containing the third-row elements K, Ca, and Ga-Kr, and 6 hydrogen-bonded complexes. The following conclusions can be drawn from this assessment of Gn and DFT methods.
͑1͒
The G3 and G3X theories have an accuracy of about 1 kcal/ mol for the third-row molecules and hydrogenbonded complexes that are added to the test set. As has been found previously, these methods do not perform as well for the nonhydrogen species. For the subset of 79 nonhydrogens in the G3/05 test, G3 and G3X have mean absolute deviations of 2.05 and 1.60 kcal/ mol, respectively. ͑2͒ On the full G3/05 test set, the G3X theory is an improvement over G3 theory with a mean absolute deviation of 1.01 kcal/ mol compared to 1.13 kcal/ mol, respectively. ͑3͒ Twenty-three density functionals were tested. The most accurate functional was found to be the B98 functional with a mean absolute deviation of 3.33 kcal/ mol, compared to 4.14 kcal/ mol for B3LYP. The B98 functional does better for larger molecules where B3LYP tends to have much larger errors. For smaller molecules B3LYP does as well or better than B98 and the other functionals. ͑4͒ It is found that for most of the density-functional methods the errors increase significantly with increasing number of electrons. The B3LYP method is notable in this respect with an error of 9 kcal/ mol for molecules having 28 or more valence electrons. ͑5͒ As in the case of the Gn methods the density-functional methods have the larger errors for the nonhydrogen species although the increase is not nearly as dramatic. The density-functional methods, including B3LYP, perform well for the third-row systems even though most were parametrized on the first-and second-row molecules. ͑6͒ The performance of density-functional methods are found to be quite sensitive to the number of polarization functions used on a triple zeta basis set and in many cases functionals are found to decrease in accuracy with increasing basis set size.
